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Mutagenesis of the epithelial polarity gene, discs large 1,
perturbs nephrogenesis in the developing mouse kidney
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Mutagenesis of the epithelial polarity gene, discs large 1, per-
turbs nephrogenesis in the developing mouse kidney.
Background. During development of the permanent mam-
malian kidney (metanephros) several key epithelial events
occur such as ureteric branching morphogenesis and nephro-
genesis. One of the first stages of nephrogenesis involves the
conversion of mesenchymal cells to epithelial cells, and thus
the metanephros provides an excellent model to study epithe-
lial polarization. The aim of this study was to investigate the
role of the epithelial polarity gene, discs large 1 (dlg1), during
development of the mouse kidney.
Methods. We utilized mice with a gene trap vector insertion
within dlg1 (dlggt) resulting in a truncated Dlg1 protein, lacking
the SH3, protein 4.1 and guanylate kinase-like (GUK) domains,
fused to a LacZ reporter. These mice were used to analyze the
expression of Dlg1 during kidney development, the subcellular
localization of Dlg1 in epithelial cells, and the ability of Dlg1 to
bind to calmodulin-associated serine/threonine kinase (CASK).
Metanephric organ culture was used to study branching mor-
phogenesis and nephrogenesis in wild-type and dlggt mutant
mice.
Results. Dlg1 was expressed in ureteric and mesenchyme-
derived epithelial cells during kidney development. Truncation
of Dlg1 altered the normal basolateral localization of Dlg1 re-
stricting it to the adherens junction. Due to the loss of the SH3
domain the binding capacity of Dlg1 to CASK was reduced.
Nephrogenesis was altered in dlggt/dlggt metanephroi with a
30% decrease in nephron number.
Conclusion. Our results indicate that the loss of the SH3, pro-
tein 4.1 and/or GUK domains of Dlg1 disrupt epithelial polarity
and perturb nephrogenesis either as a secondary consequence
to a defect in ureteric branching morphogenesis and/or delay in
mesenchyme-to- epithelial transition.
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The development of the permanent kidney
(metanephros) involves reciprocal inductive interactions
between ureteric bud epithelium and metanephric
mesenchyme. The metanephric mesenchyme induces
the ureteric bud epithelium to grow and branch to form
the collecting duct system of the kidney. This process is
referred to as branching morphogenesis. In conjunction,
the ureteric bud epithelium, in particular the tips of
the ureteric bud, induce surrounding metanephric
mesenchyme cells to aggregate and transform into the
polarized epithelial cells of the renal vesicle. This process
is referred to as mesenchymal-to-epithelial transition
(MET). These epithelial cells differentiate into the
specialized epithelial cells of the nephron. The process
of MET in the kidney provides an excellent model to
study epithelial polarity [1–3].
The multidomain scaffolding protein, discs large 1
(Dlg1), which plays an important role in the estab-
lishment and maintenance of epithelial polarity in
Drosophila, is expressed at the basolateral membrane
of kidney epithelial cells [4]. Dlg1 belongs to a family
of membrane-associated guanylate kinases (MAGUKs)
which are involved in the localization of transmem-
brane proteins and signaling complexes to the cytoplas-
mic face of the plasma membrane in polarized epithelial
cells. MAGUKs possess a characteristic domain struc-
ture comprised of one-three N-terminal PDZ [postsy-
naptic density (PSD)-95/Dlg/zonula occludens-1 (ZO-1)]
domain(s), an internal src homology 3 (SH3) domain,
and a guanylate kinase-like (GUK) domain at the C-
terminus. In addition, many MAGUKs contain a motif
which binds to protein 4.1 and/or ezrin-radixin-moesin
(ERM) family proteins, which in turn associate with the
cortical actin network. Members of the MAGUK family
include the Dlg, calmodulin-associated serine/threonine
kinase (CASK)/lin-2, ZO-1, and p55 subfamilies (re-
viewed in [5–7]). The ZO-1 family is classically known
for its localizaton to the tight junction of epithelial
cells forming a complex with the transmembrane pro-
teins occludin and claudin [8]. In Caenorhabditis elegans,
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CASK/lin-2 in conjunction with lin-7 and lin-10 form a
protein complex which is required for the basolateral
targeting of the receptor tyrosine kinase, Let-23 in vulva
precursor cells [9].
The protein binding domains of mammalian Dlg1 bind
a variety of proteins. The most characterized in kidney
epithelial cells is the interaction with the MAGUK family
member, CASK/lin-2. Two CASK-Dlg1 interactions have
been described involving (1) the SH3 domain of Dlg1
interacting with the GUK domain of CASK and (2) the
N-terminus of Dlg1 interacting with the L27N domain
of CASK. Both CASK and Dlg1 have been shown to be
colocalized along the basolateral membranes of kidney
epithelial cells [4].
Recessive lethal mutations in Drosophila dlg result in
neoplastic overgrowth of imaginal disc epithelial cells. In
addition to loss of cellular growth control, epithelial cells
in the dlg mutants demonstrate abnormalities in septate
junction formation, epithelial cell polarity and cell ad-
hesion [10–12]. Mice homozygous for a gene trap inser-
tion in dlg1, which results in loss of the SH3, protein 4.1
and GUK domains, display craniofacial abnormalities, in-
cluding a cleft secondary palate, are growth retarded, die
perinatally, and show increased proliferation in spatial
regions of the lens epithelium [13, 14].
The aim of the present study was to investigate whether
loss of the SH3, protein 4.1, and GUK domains of Dlg1
disrupts epithelial polarity and epithelial events such as
branching morphogenesis and nephrogenesis in the de-
veloping mouse kidney. We demonstrated that truncation
of the protein redistributed Dlg1 from the entire basolat-
eral membrane to the adherens junction. In contrast, the
loss of one of the CASK binding domains of Dlg1 (SH3
domain) did not alter the basolateral subcellular local-
ization of CASK but did reduce the binding capacity of
the two proteins, presumably still occurring through the
Dlg1 N-terminus/CASK L27N interaction. Finally, mu-
tagenesis of Dlg1 significantly perturbed nephrogenesis
either as a secondary consequence to a defect in ureteric
branching and/or due to a defect in MET.
METHODS
Animals
A colony of dlggt mice [13] on a CD1 background was
established at Mouseworks (Monash University, Clayton,
Victoria, Austalia). All experiments were approved in ad-
vance by a Monash University Animal Ethics Committee
and conducted in accordance with the “Australian Code
of Practice for the Care and Use of Animals for Scientific
Purposes.” Mice were maintained on a 12-hour light-dark
cycle. Noon on the plug date was designated embryonic
day 0.5 (E0.5).
Genotyping
E12.5 embryos were genotyped by Southern blot anal-
ysis as previously described [13]. E17.5 embryos were
genotyped by b-galactosidase activity assayed in a limb
biopsy, which distinguished wild-type embryos from dlg1
mutants, in conjunction with the presence of a cleft palate
phenotype which identified dlggt/dlggt from the +/dlggt.
b-galactosidase detection and immunohistochemistry
b-galactosidase activity in metanephroi and embryos
was detected as previously described [15]. For fluores-
cence immunohistochemistry paraffin-embedded 10%
buffered formalin kidney sections (4 lm) were deparaf-
finized in xylene and rehydrated in a 100% ethanol.
Antigen retrieval was performed by immersing the sec-
tions in 10 mmol/L sodium citrate (pH 6) at 95◦C for
5 minutes and allowing them to cool in the solution for
20 minutes prior to washing in H2O. For E-cadherin
staining, kidneys were fixed in 4% paraformaldehyde,
embedded in 22-oxacalcitriol (OCT), and cryosectioned
(4 lm). Sections were blocked with 1% fish skin
gelatin (Sigma-Aldrich Pty, Castle Hill, Australia)/0.3%
Triton/phosphate-buffered saline (PBS) at room temper-
ature for 30 minutes. Sections were incubated overnight
with mouse monoclonal IgG1 antihuman Dlg1 antibody
(5 lg/mL) (Transduction Laboratories, Lexington, KY,
USA) or mouse monoclonal IgG1 antirat CASK anti-
body (10 lg/mL) (Transduction Laboratories) or with
a rabbit polyclonal antihuman ZO-1 antibody (Zymed
Laboratories, San Francisco, CA, USA) (5 lg/mL) or
a rat monoclonal IgG2a antimouse E-cadherin antibody
(ECCD-2 clone) (Zymed Laboratories) (5 lg/mL) in a
humidified chamber at 4◦C. The sections were washed
3 × 5 minutes, 15 minutes and 30 minutes in PBS. Sec-
tions were then incubated with Alexa Fluor 594 goat an-
timouse, Alexa Fluor 488 goat antirabbit, or Alexa Fluor
488 goat antirat mouse secondary antibodies (1:400)
(Molecular Probes, Eugene, OR, USA) for 90 minutes
at room temperature in the dark. Sections were washed
in PBS for 5 minutes and further incubated with 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI) for
2 minutes at room temperature. Sections were washed as
described after the primary antibody. For colocalization
of Dlg1 and ZO-1 or E-cadherin, sections were incubated
simultaneously with a cocktail of both primary (5 lg/mL
final each) and secondary antibodies (1:400 final each).
Sections were viewed with an Olympus Provis epifluo-
rescence microscope and images were obtained using a
Leica DC 200 digital camera.
Immunoprecipitations and Western blots
Kidneys were dissected from E17.5 embryos and were
homogenized and lysed in ice-cold lysis buffer (0.1%
Triton X-100, 150 mmol/L NaCl, 50 mmol/L Tris-HCl,
pH 7.5, and 10% glycerol) containing a cocktail of pro-
tease inhibitors [1 mmol/L phenylmethylsulfonyl fluoride
(PMSF), 100 lg/mL leupeptin, and 10 lg/mL apro-
tinin). Total protein (50 lg) or Dlg1 immunoprecipitated
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protein precipitated with a mouse monoclonal IgG1
anti-human Dlg1 antibody (10 lg/mL) (Transduction
Laboratories) and antimouse IgG agarose (Sigma Chem-
ical Co.) overnight at 4◦C were resolved on a 7.5%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), transferred onto nitrocellulose filters
(Protranl, Schleicher and Schuell, Keene, NH, USA) and
Western blotted with mouse monoclonal IgG1 antirat
CASK antibody (1 lg/mL) (Transduction Laboratories).
CASK protein was visualized by incubation of the filters
with horseradish peroxidase–conjugated goat antimouse
(Bio-Rad, Hercules, CA, USA), followed by enhanced
chemiluminescence (ECL) assay in accordance with
the manufacturer’s (Amersham Bioscience, Castle Hill,
Australia) instructions.
Determination of branch tip and glomerular number in
cultured metanephroi
Embryos of all three genotypes (+/+, +/dlggt, and dlggt/
dlggt) were obtained from E12.5 time-mated het-
erozygous dlggt females crossed with heterozygous
dlggt males. Embryos were killed by decapitation
and metanephroi removed with the aid of a dissect-
ing microscope. Metanephroi were placed into pre-
heated (37◦C) serum-free Dulbecco’s modified Eagle’s
medium (DMEM):Hams/F-12 (50:50) culture media
(Trace Biosciences, Castle Hill, NSW, Australia) contain-
ing 5 lg/mL transferrin (Sigma, Castle Hill, NSW, Aus-
tralia), 2.5 mmol/L L-glutamine, 100 lg/mL penicillin, and
100 lg/mL streptomycin. Metanephroi from each embryo
were cultured on a single polycarbonate transfilter mem-
brane (3 lm) (Transwell, Corning Star Corporation, Cam-
bridge, MA, USA) and placed in a well of a 24-well plate
(Transwell). Metanephroi were cultured for 3 to 5 days
with media changed every 2 days. Metanephroi were pho-
tographed on day 0 and at the end of the culture period
using a phase contrast microscope (Olympus, Oakleigh,
Australia). Metanephroi were fixed in ice-cold methanol
and stored at −20◦C.
The total number of ureteric branch tips and glomeruli
were quantified in metanephric organ cultures as we
have previously described [16–18]. This in vitro assay
has been extensively used by us and others to quan-
tify the total number of branch tips and developing
glomeruli in metanephroi isolated from genetically mod-
ified mice and/or to quantify the phenotypic changes
following the addition of growth factors [16, 18–21].
Unlike counts of glomeruli or ureteric tips on histo-
logic sections, this approach provides data on the total
numbers of glomeruli and ureteric tips. Ureteric trees
were allowed to arborize for 3 days prior to quantita-
tion which was found to be the optimal time point to
accurately count all terminal branch tips within the ex-
plant. Three-day cultured metanephroi were incubated
with 10% normal goat serum (Sigma) in PBS for 30 min-
utes at room temperature. Metanephroi were then in-
cubated with a monoclonal anticalbindin28K (Sigma)
antibody (1:200) in antibody diluent (300 mmol/L NaCl,
7 mmol/L Na2HPO4, 3 mmol/L NaH2PO4, and H2O)
at 37◦C for 2 to 3 hours. Metanephroi were washed
in PBS overnight prior to incubation with Alexa Fluor
488 goat antimouse IgG secondary antibody (Molecular
Probes) (1:100) at 37◦C for 2 hours. Metanephroi were
then washed overnight in PBS and mounted in mount-
ing media containing PBS/glycerol (Sigma). Branch tips
were viewed and counted with an Olympus Provis epiflu-
orescence microscope and images were obtained using a
Leica DC digital camera.
The total number of glomeruli was determined in cul-
tured metanephroi as we have previously described [16–
18]. After 3 days of culture very few glomeruli have
developed [3–5], and for this reason quantitation was
performed on day 5. Five-day cultured metanephroi
were washed in PBS for 5 minutes after fixation as de-
scribed above and then incubated in 50 mmol/L NH4Cl
at room temperature for 30 minutes. Metanephroi were
permeabilised with 0.1% saponin in PBS for 5 minutes
and incubated in 2% H2O2 in methanol at room tem-
perature for 10 minutes and then washed in PBS for
5 minutes. Metanephroi were digested with neu-
raminidase [0.05 units (1:20) in 1% CaCl2 in PBS] (Sigma)
for 45 minutes, then washed for 5 minutes in PBS. This was
followed by a 37◦C incubation with rhodamine-labeled
peanut agglutinin (PNA) (2 lg/mL) (Vector Laborato-
ries, Burlingame, CA, USA) in 0.3% Triton/PBS with
ions (1:100) (1 mol/L MnCl2, 1 mol/L MgCl2, and1 mol/L
CaCl2) for 30 minutes. Explants were washed exten-
sively in PBS for 5 days. Metanephroi were viewed with
an Olympus Provis epifluorescence microscope and im-
ages were recorded using a Leica DC 200 digital cam-
era. Peanut agglutin (PNA)–positive staining marked the
podocytes of the developing glomeruli.
Projected area of cultured metanephroi
The projected area of E12.5 kidneys was calculated by
placing a 0.7 cm × 0.7 cm orthogonal grid over the phase
contrast day 0 photomicrograph of the kidney enlarged to
a final magnification of 2000×. The total number of grid
points overlying the kidney multiplied by the area of the
grid associated with each point [a (p) was 0.0056653 mm2,
a (p) = area/point] provided an estimate of projected
kidney area, an index of metanephric size.
Statistical analysis
Data from metanephric organ culture studies were an-
alyzed with one-way analysis of variance (ANOVA) on
PRISM statistical program. ANOVAs that proved signif-
icant were followed by Tukey multiple comparison post
hoc tests. Values are mean ± SD A probability of 0.05 or
less was accepted as statistically significant.
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Fig. 1. Domain structure of the wild-type and
mutant discs large (Dlg) protein. Wild-type
Dlg contains a N-terminal 65 amino acid mem-
brane localization domain (), three PSD-
95/Dlg/zonula occludens-1 (ZO-1) (PDZ)
domains, SH3 domain, a protein 4.1 binding
domain () and a C-terminal guanylate ki-
nase (GUK) domain. Insertion of the gene
trap vector results in a fusion protein in which
the SH3, protein 4.1, and GUK domains are
replaced by b-galactosidase/neomycin resis-
tance (b-geo). The fusion occurs at amino acid
549.
RESULTS
Expression of Dlg1 in the developing kidney
Mutagenesis of dlg1 by insertion of the gene trap vector
resulted in a fusion protein retaining the first 549 amino
acids containing the three PDZ domains fused to a pro-
moterless LacZ reporter (Fig. 1). LacZ is under the tran-
scriptional control of dlg1 and allows the expression of
Dlg1 to be monitored by the detection of b-galactosidase
activity. The expression of the Dlg1-LacZ fusion protein
in heterozygous E11.5 embryos was very strong in the
epithelium of the mesonephric tubules, Wolffian duct,
ureteric bud, and less intense in the T-stage ureteric bud
epithelium of the metanephros (Fig. 2A). At E12.5 when
further branching morphogenesis had taken place and
MET had commenced, Dlg1-LacZ expression was seen in
the ureteric epithelium, was low to absent in condensing,
and uninduced metanephric mesenchyme but appeared
stronger in the pretubular aggregate, a stage at which
epithelial polarization has commenced. Pretubular ag-
gregates develop into renal vesicles, the first epithelial
structure of the developing nephron (Fig. 2B and C). At
E13.5 expression is also seen in uninduced metanephric
mesenchyme, stromal cells in the nephrogenic zone and
interstitial cells.
At E16.5 when branching morphogenesis and nephro-
genesis are actively taking place expression was seen in
all the epithelial components of the metanephros, both
ureteric and metanephric mesenchyme–derived and in
stromal and interstitial cells (Fig. 2D, E, and F). Expres-
sion in the maturing glomerulus was seen in parietal ep-
ithelial cells of the Bowman’s capsule as well as what
appeared to be either the basal membrane of podocytes
or endothelial cells (Fig. 2G). In contrast, to the reported
basolateral expression pattern of endogenous Dlg1 in ep-
ithelial cells [4], Dlg1-LacZ was most strongly expressed
at what appeared to be the apical (lumen face) mem-
branes of epithelial cells (Fig. 2B, C, and E). A compar-
ison of the expression pattern of endogenous Dlg1 to
that of Dlg1-LacZ detected by b-galactosidase activity,
demonstrated that although the subcellular localization
was disrupted, Dlg-LacZ was expressed in the same cell
types as endogenous Dlg (Fig. 2G and H). Dlg-LacZ ex-
pression in dlggt/dlggt was identical to that seen in +/dlggt
but was more intense given that the dlggt/dlggt cells con-
tain two truncated alleles compared to the +/dlggt cells
(data not shown).
We previously described that the loss of the SH3, pro-
tein 4.1, and GUK domains alters the subcellular local-
ization of Dlg1 along the membrane [13]. In the present
study we wished to further define the localization of the
truncated protein by comparing it to other epithelial po-
larity markers such as ZO-1 which marks the tight junc-
tion and E-cadherin which marks the adherens junction.
Figure 3 demonstrates that in wild-type kidney epithe-
lial cells Dlg1 is expressed along the basolateral mem-
branes. In dlggt/dlggt the truncated protein is restricted to
the apical region of the lateral membrane mimicking the
Dlg1-LacZ expression pattern. In +/dlggt epithelial cells
an intermediate expression pattern is seen where there
is a reduction in lateral expression and a “hot spot” at
the apical region of the lateral membrane (Fig. 3A to C).
At first glance the truncated Dlg protein appeared to be
restricted to a subdomain of the lateral membrane remi-
niscent of the tight junction in dlggt/dlggt kidney epithelial
cells. Double labeling of wild-type kidney epithelial cells
with antibodies against Dlg1 and ZO-1 demonstrated that
Dlg1 is normally expressed along the basolateral mem-
brane basal to the tight junction (Fig. 3D to F). However,
double labeling demonstrated that the truncated Dlg1
product is not coexpressed with ZO-1 but restricted to a
subregion just basal to the tight junction (Fig. 3G to I).
This expression pattern led us to investigate the spatial
relation of this subdomain with the adherens junction us-
ing E-cadherin as a marker. In wild-type epithelial cells
E-cadherin and Dlg1 were coexpressed along the entire
lateral membrane (Fig. 3J to L). In dlggt/dlggt epithelial
cells truncated Dlg1 and E-cadherin were coexpressed at
the most apical aspect of the E-cadherin expression do-
main. This area has been reported to correspond to the
adherens junctional complex region (Fig. 3M to O). These
results demonstrated that truncation of Dlg1 restricted
Dlg1 to the adherens junction and that the structure of
the epithelial cells was intact possessing normally located
cell junctions.
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Fig. 2. Expression of discs large (Dlg)-LacZ during metanephric de-
velopment in heterozygous dlggt embryos. (A) Whole mount Dlg-
LacZ expression in embryonic day (E) E11.5 embryos was detected
in the mesonephric tubules (MT), Wolffian duct (WD), ureteric bud
(UB) outgrowth, and within the T-stage ureteric epithelium within the
metanephros (M). (B) At E12.5 expression was seen in the ureteric
bud epithelium but was absent from condensed mesenchyme (CM) and
uninduced metanephric mesenchyme (MM). (C) Expression was seen
in the pretubular (PT) aggregrate which is commencing epithelial po-
larization. (D) At E16.5 expression was seen in all epithelial structures,
stroma and interstitial cells. (E) Expression was seen in the stalk (arrow-
head) and tips (arrow) of branching ureteric epithelium. (F) Expression
was seen in renal tubules (RT), S-shaped bodies (S), and comma-shaped
bodies (C). (G) Expression in glomeruli was in the epithelium of the
Bowman’s capsule (BC) and in either the basal membrane of podocytes
and/or endothelial cells. Expression (B to F) was most highly expressed
at what appeared to be the apical face of the membrane. (H) Endoge-
nous Dlg expression in an E17.5 wild-type kidney section detected us-
ing an antibody against Dlg and fluorescence immunohistochemistry.
Endogenous Dlg is expressed in the same cell types as Dlg-LacZ. Ab-
breviations are: UE, ureteric epithelium; G, glomerulus [scale bars (B)
100 lm, (C to F) 50 lm, (G) 20 lm].
Loss of one of the CASK interacting domains of Dlg1
affects CASK binding
Since one of the CASK interacting domains had been
lost in the truncated Dlg1 protein due to the removal
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Fig. 3. Localization of discs large (Dlg), zonula occludens-1 (ZO-1),
and E-cadherin in wild-type and dlggt mutant kidney epithelial cells.
Sections of embryonic day (E) E17.5 kidneys were stained with an anti-
Dlg antibody. (A) Dlg was localized to the basolateral membranes of ep-
ithelial cells in wild-type renal tubules. (B) In +/dlggt Dlg was expressed
along the basolateral membranes but there appeared to be a higher level
of expression at the apical part of the lateral membrane (arrows). (C)
In dlggt/dlggt expression was restricted to a region at the apical part
of the lateral membrane with a loss of the normal basolateral expres-
sion seen in wild-type and +/dlggt cells. Immunofluorescence analysis
of Dlg (red), ZO-1 (green), E-cadherin (green) and 4′,6-diamidino-2-
phenylindole dihydrochloride (DAPI) (blue) in E17.5 kidney sections
from wild-type (D to F and J to L) and dlggt/dlggt (G to I and M to
O) embryos. Basolateral staining of Dlg in wild-type epithelial cells is
basal to the tight junction marked by ZO-1 (D and E; merge F). The
truncated Dlg protein in dlggt/dlggt epithelial cells is restricted to a sub-
domain of the lateral membrane which is basal to ZO-1 (G and H, merge
I). ∗Marks cells that are magnified in inset. In wild-type renal tubule ep-
ithelial cells Dlg (red) (J) and E-cadherin (green) (K) colocalized along
the lateral membrane (yellow) (merge L). In dlggt/dlggt Dlg (M) and
E-cadherin (N) expression colocalized at the most apical aspect of the
E-cadherin expression domain (adherens junction (arrow)) (merge O).
∗Marks cells that are magnified in inset (scale bar 20 lm).
of the SH3 domain we investigated whether this also dis-
rupted the subcellular localization of CASK. In wild-type
kidney epithelial cells CASK and Dlg1 were expressed
along the basolateral membranes (Fig. 4A and B). In
dlggt/dlggt mice CASK expression was retained at the ba-
solateral membranes of epithelial cells (Fig. 4C) in con-
trast to the altered subcellular expression of the truncated
Dlg1 protein (Fig. 4D).
Given that the truncated Dlg1 protein had been re-
distributed along the lateral membrane and one of the
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Fig. 4. Localization of discs large (Dlg) and
the binding partner, CASK. Immunofluores-
cence analysis of Dlg and CASK in serial
sections at embryonic day (E) E17.5. Baso-
lateral expression of CASK and Dlg were
seen in wild-type (A and B) ureteric ep-
ithelial cells. CASK localization remained
basolateral in dlggt/dlggt (C) renal tubule ep-
ithelium in contrast to the redistribution of
Dlg to the subdomain of the lateral mem-
brane (D, arrowhead)). 4′,6-diamidino-2-
phenylindole dihydrochloride (DAPI) stain-
ing marking the nuclei (∗) (D) (scale bar
20lm). CASK, calmodulin-associated serine/
threonine kinase.
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Fig. 5. Loss of the SH3 domain of discs large
(Dlg) reduces the binding capacity to CASK.
CASK immunoblot of Dlg immunoprecipi-
tated (IP) protein from embryonic day (E)
E17.5 kidney tissue using an antibody di-
rected against the N-terminus of Dlg allowing
both full-length and truncated protein to be
immunoprecipitated. Whole cell lysate (wcl)
from 293 cells and kidney were loaded as
a CASK-positive control. Preimmune serum
(pre) was used instead of the Dlg antibody as
a negative control.
CASK binding domains had been lost we addressed
whether CASK and Dlg1 could still interact with one
another. CASK coprecipitated with Dlg1 from kidney
(Fig. 5) and gut lysates (data not shown). However,
the interaction was progressively reduced in +/dlggt and
dlggt/dlggt tissue compared to wild-type tissue (Fig. 5).
Mutagenesis of Dlg1 reduces nephron number in cultured
metanephroi
Given that epithelial polarity is altered in dlggt/dlggt
metanephroi expressing the truncated protein we inves-
tigated whether the epithelial events of branching mor-
phogenesis and nephrogenesis were affected. We have
previously reported that dlggt/dlggt embryos are growth
retarded therefore we investigated whether this had an
effect on kidney size. We demonstrated that dlggt/dlggt
E12.5 embryos were 20% smaller than wild-type em-
bryos (P < 0.05) and also demonstrated a 20% reduction
in metanephric size, estimated by projected area (P <
0.001) (Table 1). The metanephric size:embryonic weight
ratio was similar in the two groups (Table 1). At E17.5,
dlggt/dlggt embryos and metanephroi were visibly smaller
than their wild-type and +/dlggt littermates. However, the
histology of dlggt/dlggt and +/dlggt metanephroi were in-
distinguishable from wild-types (Fig. 6).
To determine whether branching morphogenesis
or nephrogenesis were altered, ureteric branch tip
and glomerular number were counted in cultured
metanephroi. The numbers of branch tips and glomeruli
were reduced by 32% (P < 0.01) and 24% (P < 0.001),
respectively, in the dlggt/dlggt metanephroi compared to
wild-type metanephroi (Fig. 7B and C). Metanephroi of
dlggt/dlggt embryos after 3 days of culture were visibly
smaller than wild-type cultured metanephroi (Fig. 7A
and B). The reduction in branch tip and glomerular num-
ber may simply be a result of the reduced size of the
dlggt/dlggt embryos and their metanephroi (Table 1). To
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Table 1. Embryonic weight and metanephric projected area (MPA) for +/+, +/dlggt , and dlggt/dlggt embryos
+/+ +/dlggt dlggt/dlggt
Embryonic weight g 0.095 ± 0.011 (17) 0.098 ± 0.013 (36) 0.083 ± 0.013 (19)a
MPA mm2 0.458 ± 0.064 (22) 0.481 ± 0.072 (46) 0.371 ± 0.051 (28)b
MPA/embryonic weight 5.109 ± 0.516 (20) 5.270 ± 0.813 (44) 4.639 ± 0.757 (28)
The number of mice in each group is given in parentheses. Values are mean ± SD
aSignificant difference between wild-type and dlggt/dlggt (P < 0.05). No significant difference between wild-type and +/dlggt.
bSignificant difference between wild-type and dlggt/dlggt (P < 0.001). No significant difference between wild-type and +/dlggt .
address this we normalized the data against embryonic
weight. The results demonstrated a 20.6% decrease in
the number of branch tips in dlggt/dlggt compared with
wild-type metanephroi, although this difference was not
statistically significant (P > 0.05) (Fig. 7E). However,
glomerular number in dlggt/dlggt metanephroi remained
significantly (P < 0.001) reduced by 30% compared with
wild-type metanephroi, even after adjustment for embry-
onic weight (Fig. 7F).
DISCUSSION
In the present study we demonstrated that mutage-
nesis of dlg1 disrupted polarity within renal epithelial
cells and perturbed ureteric branching and nephrogen-
esis. Loss of the SH3, protein 4.1, and/or GUK domains
restricted Dlg1 to the adherens junction, in contrast to
full-length Dlg1 which is expressed along the entire ba-
solateral membrane. The altered subcellular localization
of Dlg1 in conjunction with the loss of the SH3 domain, a
binding domain of CASK, may explain the reduced abil-
ity of these two MAGUK family members to interact with
one another. Together, these results suggest that the SH3,
GUK, and/or protein 4.1 domains play a role in epithelial
polarity and may be involved in regulating cell prolifera-
tion and/or differentiation of renal epithelial cells during
branching morphogenesis and nephrogenesis.
Using mice containing a gene trap vector insertion
within the dlg1 locus generating a Dlg1-LacZ fusion pro-
tein [13], we were able to monitor the expression of
Dlg1 through kidney development via the LacZ reporter.
Dlg1-LacZ was first expressed in the ureteric epithelium
and was absent to low in uninduced and cap mesenchyme.
During the process of MET, Dlg1-LacZ expression was
first evident in the pretubular aggregate and was ex-
pressed in all mesenchyme-derived epithelial structures
thereafter. The pretubular aggregate arises from a clus-
ter of cells situated at the base of the cap or condensed
mesenchymal cells and it is these cells that undergo ep-
ithelialization [22]. The initial expression of Dlg1 in the
pretubular aggregate was not surprising given the impor-
tance of dlg1 in the establishment and maintenance of
epithelial polarity in Drosophila and its role in cell-cell
adhesion in mammalian cells [12, 23]. By E13.5 Dlg1-
LacZ expression was also seen in the stroma within the
nephrogenic zone and medullary interstitial cells.
We have previously reported that truncation of Dlg1
alters the subcellular localization of Dlg1 in several ep-
ithelial cell types but has no affect on the localization
of Dlg1 in neurons [13, 24]. In this study we have iden-
tified that the subdomain of the epithelial lateral mem-
brane to which the truncated Dlg1 protein is restricted
is the adherens junction based on colocalization with the
adherens junction protein E-cadherin at the most api-
cal part of the E-cadherin expression domain. Although
E-cadherin is a marker of the adherens junction it has
been reported to be distributed along the entire lateral
membrane when using immunofluorescence compared to
immunogold electron microscope techniques [25]. Other
adherens junction proteins such as l-afadin, ponsin, and
vinculin demonstrate a restricted colocalization with E-
cadherin at the most apical part of the E-cadherin expres-
sion domain, similar to truncated Dlg1, which equates to
the location of the adherens junctional complex [26, 27]. It
has previously been reported that Dlg1 and E-cadherin
colocalize along the lateral membrane of gut epithelial
cells and that E-cadherin mediated cell adhesion translo-
cates Dlg1 from the cytoplasm to sites of cell-cell contact
[23, 28]. Reducing dlg using iRNA in mammalian cells
resulted in a translocation of E-cadherin from the lateral
membrane to the cytoplasm disrupting the integrity of the
adherens junction [28]. In C. elegans Dlg is predominately
expressed at the adherens junction. Abolishing dlg ex-
pression using RNAi resulted in embryos with abnormal
adherens junction formation however the expression of
E-cadherin was unaltered [29]. In our studies E-cadherin
expression appeared normal and the morphology of the
epithelial cells did not appear to be disrupted with nor-
mally located tight and adherens junctions. The latter is
in contrast to the phenotype displayed by Drosophila dlg
mutants [10–12]. Differences in the subcellular localiza-
tion of E-cadherin and the integrity of the cell junctions
in these studies compared to our own may be attributed
to the analysis of different Dlg1 mutations and Dlg1 ex-
pression levels.
The question remains to why the loss of the SH3, pro-
tein 4.1, and/or GUK domains restricts Dlg1 to the ad-
herens junction? These results suggest that these domains
may interact with proteins that are restricted to the lat-
eral membrane basal to the adherens junction and that
the remaining PDZ domains and/or first 65 amino acids
involved in localizing Dlg1 to the basolateral membrane
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+/+
+/dlggt
dlggt/dlggt
Fig. 6. Histology of dlggt mutant kidneys. Embryonic day (E) E17.5
sections from (A) wild-type, (B) +/dlggt , and (C) dlggt/dlggt were stained
with periodic acid-Schiff (PAS) to distinguish the brush border of prox-
imal tubules. Apart from the reduction in kidney size in the dlggt/dlggt
embryos all kidneys contained normal branching ureteric epithelial
structures, and nephrons at various stages of development (scale bar
50lm).
are interacting with proteins restricted to the adherens
junctional complex. The removal of the protein 4.1 do-
main which binds to the protein 4.1 and/or ERM fam-
ily of proteins and in turn associates with the cortical
actin network may alter the subcellular localization of
Dlg1. Interestingly, in Drosophila the protein 4.1 domain
(HOOK domain) positions Dlg1 along the lateral plasma
membrane and the PDZ domain directs Dlg1 to the sep-
tate junction [30]. Mammalian Dlg1, however, requires
the first N-terminal 65 amino acids to position Dlg1 to
the lateral membrane [31]. Our data suggest that perhaps
one of the remaining PDZ domains of the truncated pro-
tein may retain Dlg1 to the adherens junction.
Alternatively, the loss of the SH3 and GUK domains
may be involved in the restriction of Dlg1 to the adherens
junction. These domains have been shown to be involved
in intermolecular interactions with other MAGUK fam-
ily members including themselves and intramolecular
interactions [32–35]. The most characterized in kidney
epithelial cells is the interaction between CASK and
Dlg1. Two interactions have been reported between these
proteins, one involving the SH3 domain and the other the
N-terminus of Dlg1 [34, 4]. In the present study, the inter-
action of Dlg1 and CASK via the SH3 domain of Dlg1 is
lost in the truncated Dlg1 protein and has no effect on the
subcellular localization of CASK. These results demon-
strate that endogenous CASK localization is not depen-
dent on Dlg1 as previously reported [4]. Lee et al (2002)
concluded that the subcellular localization of Dlg1 is de-
pendent on CASK binding via the L27N domain to the N-
terminus of Dlg1. The truncated Dlg1 protein in our study
retains the N-terminal domain but is not expressed along
the entire basolateral domain suggesting that Dlg1 may
require the SH3-GUK interaction with CASK to retain
Dlg1 to the entire basolateral membrane. Even though
the truncated Dlg1 protein is restricted to the adherens
junction it can still bind CASK, presumably through the
L27N domain of CASK and the N-terminus of Dlg1, how-
ever, the binding capacity was reduced. In contrast to
our studies, loss of the C-terminal half of CASK mislo-
calizes it to the cytoplasm of transfected Madin-Darby
canine kidney (MDCK) cells [30] suggesting that Dlg1
and CASK proteins are localized to the membrane via
different mechanisms.
The truncation of Dlg1 in dlggt/dlggt embryos re-
sulted in the development of smaller embryos with
smaller metanephroi than their wild-type littermates.
Dlggt/dlggt metanephroi contained 32% less branch tips
(P < 0.01) and 24% (P < 0.001) less glomeruli than wild-
type metanephroi. In order to directly compare tip and
glomerular number in embryos and kidneys of signifi-
cantly different size, data were normalized to embryonic
weight at E12.5. The results demonstrated that the trun-
cation of the Dlg1 protein resulted in a renal phenotype
in which branch tip number was reduced by 20.6%, al-
though not statistically significantly (P > 0.05), and a 30%
reduction in glomerular number (P < 0.001). In many in-
stances altered glomerular number is associated with an
alteration in branching [37–40]. In the development of the
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Fig. 7. Branch tip and glomerular number in cultured metanephroi. To determine branch tip number 3-day cultured metanephroi were immunos-
tained with calbindin28K to mark the entire ureteric epithelium. Terminal ends were counted as tips (arrowheads). Representative images of
calbindin28K stained wild-type (A) and dlggt/dlggt (B) metanephroi demonstrating that the latter are smaller than wild-types. Branch tip number
was significantly reduced by 32% (P < 0.01) in dlggt/dlggt metanephroi compared to wild-types (11 wild-type, 13 +/dlggt , and 11 dlggt/dlggt) (C).
To determine glomerular number 5-day cultured metanephroi were immunostained with rhodamine-conjugated peanut agglutinin (PNA) which
stains the podocytes of developing glomeruli. PNA agglutinin–positive structures were counted. There were 24% fewer glomeruli in dlggt/dlggt
metanephroi compared to wild-types (P < 0.001) (16 wild-type, 33 +/dlggt , and 23 dlggt/dlggt) (D). Branch tip number was not significantly different
in wild-type and dlggt/dlggt metanephroi following adjustment for embryonic weight (P > 0.05) (E). There were significantly fewer glomeruli (30%)
in dlggt/dlggt metanephroi compared to wild-types (P < 0.001) when adjusted for embryonic weight.
kidney, nephrons are found associated with branch tips,
and thus defects in branching leading to a reduction in tip
number will ultimately lead to a reduction in glomeru-
lar number. Although the reduction in branch tip num-
ber in dlggt/dlggt metanephroi was not statistically signif-
icant in comparison to glomerular number after embry-
onic weight adjustment it is possible that a slight decrease
in tip number could explain the decrease in glomerular
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number. The lack of statistical difference in branch tip
number compared to glomerular number may be due to
the different culture times required to accurately count
branch tips and glomeruli in metanephric organ culture.
Tip numbers were calculated after 3 days of culture com-
pared to glomeruli which were calculated after 5 days
of culture. By day 5 it is difficult to accurately calcu-
late branch tip numbers due to the extent of branching
and by day 3 very few glomeruli have developed in cul-
ture. Thus it is possible that by day 5 the reduction in the
number of branch tips between wild-type and dlggt/dlggt
metanephroi may have reached statistical significance.
We also can not rule out the possibility that the tip and
glomerular number differences seen between wild-type
and dlggt/dlggt mutants are a result of differences in the
degree of ureteric branching prior to metanephric cul-
ture and/or during in vitro culture. These issues may be
resolved by directly counting tip numbers in E12.5 to
E13.5 kidneys prior to culture. In addition, it is possible
that the nephron deficit in dlggt/dlggt metanephroi may
be a result of a defect somewhere along the nephrogen-
esis developmental pathway. Cadherin 6 knockout mice
demonstrate a loss of nephron number in the absence of
a defect in branching morphogenesis which has been at-
tributed to a delay in MET [41]. Cadherin 6 like Dlg1
is expressed in the aggregate at the stage at which ep-
ithelial polarization is commencing. Further studies are
required to determine whether the deficit in nephrons in
the dlggt/dlggt metanephroi is a secondary affect to a de-
fect in ureteric branching morphogenesis or due to a delay
in MET, which may be due to altered cell proliferation
and/or differentiation.
CONCLUSION
We have demonstrated that the loss of the SH3, protein
4.1, and/or GUK domains of Dlg1 alters the epithelial
polarity of kidney epithelial cells, indicated by the re-
striction of Dlg to the adherens junction and the reduced
capacity to interact with CASK. In addition, the trunca-
tion results in a glomerular deficit. The identification and
subcellular localization of new binding partners of Dlg1
during ureteric branching and nephrogenesis may clarify
the underlying defects displayed by dlggt/dlggt embryos
during kidney development.
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